Supported lipid bilayers (SLBs) have been widely used as model systems to study cell membrane processes because they preserve the same 2D membrane fluidity found in living cells. One of the most significant limitations of this platform, however, is its inability to incorporate mobile transmembrane species. It is often postulated that transmembrane proteins reconstituted in SLBs lose their mobility because of direct interactions between the protein and the underlying substrate. Herein, we demonstrate a highly mobile fraction for a transmembrane protein, annexin V. Our strategy involves supporting the lipid bilayer on a double cushion, where we not only create a large space to accommodate the transmembrane portion of the macromolecule but also passivate the underlying substrate to reduce nonspecific protein-substrate interactions. The thickness of the confined water layer can be tuned by fusing vesicles containing polyethyleneglycol (PEG)-conjugated lipids of various molecular weights to a glass substrate that has first been passivated with a sacrificial layer of bovine serum albumin (BSA). The 2D fluidity of these systems was characterized by fluorescence recovery after photobleaching (FRAP) measurements. Uniform, mobile phospholipid bilayers with lipid diffusion coefficients of around 3 × 10 -8 cm 2 /s and percent mobile fractions of over 95% were obtained. Moreover, we obtained annexin V diffusion coefficients that were also around 3 × 10 -8 cm 2 /s with mobile fractions of up to 75%. This represents a significant improvement over bilayer platforms fabricated directly on glass or using single cushion strategies.
Introduction
Supported lipid bilayers (SLBs), pioneered by McConnell et al., [1] [2] [3] have successfully reproduced many aspects of cell membrane behavior. They possess the same 2D fluidity and have been employed to investigate lipid assembly, 4,5 membrane structure, 6,7 dynamics, 8 and multivalent ligand-receptor binding.
9,10 They have even been used in the development of biosensors platforms 11 and separation devices. 12 Despite this, the incorporation of transmembrane proteins into SLBs has not yet been satisfactorily achieved. The problem lies in the limited space between the bottom leaflet of the bilayer and the underlying solid support. This distance, which is typically only on the order of 1 nm, is not usually sufficient to accommodate species that protrude extensively beyond the lower leaflet of the bilayer. Several research groups have explored methods to increase this spacing. Most strategies involve the placement of a polymer cushion between the membrane and support. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] To date, however, these experiments generally report that proteins that protrude extensively beyond the lower leaflet have a 25% mobile fraction or less. In other words, more than three-quarters of the protein molecules are immobilized by the underlying support and perhaps partially denatured.
SLBs have a complex series of interactions with underlying planar glass supports. These include van der Waals, electrostatic, hydrophobic, and steric interactions. [32] [33] [34] Such forces act together to leave a thin layer of hydration water trapped between the * Author to whom correspondence should be addressed. E-mail: cremer@ mail.chem.tamu.edu. bilayer and the substrate. 2, [35] [36] [37] [38] [39] This water layer helps to maintain the lateral mobility of lipids in both leaflets of the bilayer. It would be important to extend this same principle to membrane proteins. To this end, soft hydrophilic polymeric materials have been a popular choice for cushion materials because they readily imbibe large amounts of water.
28, [40] [41] [42] Ideally, the polymer film should act like the cytoskeleton found in mammalian cell membranes. Such an approach, in principle, should significantly reduce frictional coupling and avoid protein denaturation. Methods for the preparation of polymer supports include the chemical grafting of polymers, such as cellulose or dextran directly onto the solid surface, followed by the subsequent deposition of lipid bilayers.
13,14 A slightly different approach involves the reconstitution of lipopolymers that also provide a spacer between the underlying substrate and the phospholipid bilayer.
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The difference in this case is that alkyl side chains emanating from the lipopolymer directly intercalate into a nascently transferred lipid film.
Despite extensive work on cushion designs, only a few studies describe the use of these systems for studying the lateral mobility of transmembrane proteins. 15, 27, 44, 45 Tamm and co-workers designed a PEG-conjugated phospholipid membrane that could be covalently bonded to silicate substrates. 27 The lateral diffusion of cytochrome b 5 and annexin V were measured by FRAP in this system. Although lateral diffusion coefficients were obtained, only 25% of the cytochrome b 5 molecules had a diffusion coefficient value that was of the same order of magnitude as the lipids. The rest of the cytochrome b 5 molecules diffused several orders of magnitude more slowly or not at all, presumably as a result of interactions between the proteins and the underlying polymer network. Similar results were obtained for annexin V. The PEG tethered system was also used for the reconstitution of mobile SNARE proteins. 44 Another protein mobility study was performed by Tanaka, Sackmann, and co-workers. 15 In this case, human platelet integrin R IIb 3 was investigated in a supported bilayer system that rested on a cellulose cushion. Again, only about one-quarter of the proteins were mobile in the presence of the cushion, and none were mobile without it. In a fourth example, Smith, Wirth, and co-workers 45 studied the mobility of the human delta-opioid receptor on acrylamide cushions of various thicknesses. In this case, however, only data for an individually mobile protein molecule were reported rather than the mobile fraction for a population of membrane-embedded proteins. Finally, Brozik and co-workers used nanoporous microbeads rather than a polymer cushion strategy to support lipid membranes with bacteriorhodopsin. 46 High protein mobile factions were obtained (∼78%) with D ) 3.8 × 10 -10 cm 2 /s for proteins in the pores of the bead. It would be important to determine if the same type of mobility can be extended to systems with planar geometry.
In the work described herein, we investigate the 2D fluidity of a transmembrane protein, annexin V, reconstituted into a double-cushion planar supported membrane system. Annexin V, which has dimensions of of 64 × 40 × 30 Å 3 and is folded into four domains, 47 is a multihelical intracellular protein that binds to negatively charged phospholipids in a Ca 2+ -dependent manner. 48 The function of this protein has been ascribed to different membrane-associated events including vesicular trafficking, membrane fusion, and ion channel formation. 49 It has been reported that annexin V forms ion channels in phospholipid bilayers at mildly acidic pH values. [50] [51] [52] Figure 1 illustrates our strategy for achieving high mobile fractions of annexin V. A first cushion layer is formed by uniformly adsorbing BSA onto a planar glass support. This protein monolayer passivates the substrate and thereby helps prevent strong interactions with the underlying oxide surface. The second layer of the cushion is formed when lipid vesicles containing (poly)ethyleneglycol-conjugated lipids are fused on top of the first layer. The spacing between the BSA film and the lower leaflet of the bilayer can be modulated by changing the number density and molecular weight of the PEG lipopolymer incorporated into the lipid bilayer. The best results were achieved when a 0.1 mg/mL BSA solution was incubated over the surface for 20 min and the lipid bilayer consisted of 0.5 mol% PEG 5000 . In that case, the mobile fraction of annexin V was ∼75% with a diffusion coefficient of 3 × 10 -8 cm 2 /s. The double-cushion system creates more space between the bilayer and support and also mitigates interactions with the substrate.
Materials and Methods
Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), bovine brain L-R-phosphatidylserine (brain PS), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene glycol))] (PEG-PE) were purchased from Avanti Polar Lipids (Alabaster, AL) with PEG molecular weights of 550, 2000, and 5000. N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red DHPE) was obtained from Molecular Probes (Eugene, OR). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (St. Louis, MO). Phycoerythrinlabeled recombinant human annexin V with a molecular weight of 35 800 Da was obtained from Alexis Biochemicals (San Diego, CA).
Purified water from a NANOpure Ultrapure Water System (Barnstead, Dubuque, IA) was used to prepare all buffer solutions. The water had a minimum resistivity of 18 MΩ cm. Phosphatebuffered saline (PBS) was prepared using 10 mM sodium phosphate with the addition of 150 mM NaCl (Sigma-Aldrich). The pH was adjusted to 7.4 by the dropwise addition of NaOH (EMD, Germany). Tris(hydroxymethyl)aminomethane was used to prepare 10 mM, pH 7.4 Tris (Fluka-BioChemika) buffer with 100 mM sodium chloride (Sigma-Aldrich). CaCl 2 (Acros Organic, 8 mM) was added to the Tris buffer where noted. Polydimethylsiloxane (PDMS) was used to fabricate microwell structures. The polymer and cross-linker were purchased from Dow Corning (Sylgard Silicone Elastomer-184, Krayden Inc.).
Small Unilamellar Vesicles. Small unilamellar vesicles (SUVs) were prepared as previously reported. 4, 53, 54 Briefly, the desired amounts of POPC, PEG-PE lipopolymer, and PS were mixed in appropriate proportions from stock solutions in chloroform and allowed to dry in a stream of nitrogen followed by desiccation under vacuum for 4 h. In some cases, 0.1 mol % Texas Red DHPE was used as a fluorescent probe. After the evaporation of the solvent, the lipids were reconstituted in 10 mM Tris buffer and subjected to 10 freeze-thaw cycles by alternating between immersion in liquid nitrogen and a 30°C water bath. The solution was then extruded five times through a polycarbonate filter (50 nm pore size) to produce vesicles of uniform size. Small unilamellar vesicles prepared by this method were 80 ( 10 nm in diameter as determined by dynamic light scattering using a 90Plus particle size analyzer from Brookhaven Instrument Corp.
Supported Lipid Membranes. Supported lipid bilayers were prepared by the adsorption and fusion of SUVs onto clean planar borosilicate coverslips (VWR International).
1,55-57 Polymerconjugated bilayers were prepared by the same vesicle fusion method, but using the desired amount of PEG-PE as previously reported. 53, 58 Coverslips were cleaned in hot surfactant solution (ICN 7X detergent, MP Biomedicals, Solon, OH), 59 rinsed with copious amounts of DI water, and annealed in a kiln at 550°C for 5 h to yield flat surfaces with root-mean-square roughness (rms) values on the order of ∼0.13 nm over a 1 µm 2 area as determined by atomic force microscopy. Vesicle fusion was performed via the introduction of a 100 µL SUV solution onto the clean glass substrate. The solution was confined to a circular area (∼8 mm in diameter) in the center of the surface by a thin hydrophobic PDMS microwell. 53 After a 10 min incubation period, the nascently formed bilayer was extensively rinsed with buffer to remove excess vesicles.
Lipid bilayers supported on protein films were prepared by fusing vesicles in a manner similar to the one described above. In this case, however, a 100 µL BSA solution in Tris buffer was introduced into the microwell first and incubated for a period of 20 min, followed by thorough rinsing with buffer. Solutions of BSA were prepared at concentrations ranging from 0.001 to 0.5 mg/mL. Prior to use, the protein solutions were centrifuged at 13 500 rpm for 20 min (5415, Eppendorf) to remove any aggregates from the bulk solution.
Reconstitution of Annexin V. Each supported bilayer was incubated for 20 min with Tris buffer containing 8 mM CaCl 2 before the introduction of protein solution. It should be noted that the divalent metal ion is required for annexin V incorporation into the membrane.
27, 48 At this point, a solution of phycoerythrin-labeled annexin V (0.1 mg/mL) in Tris buffer was introduced into the bulk solution above the surface and incubated for 30 min. The bilayers were extensively washed with a buffer solution containing EDTA (10 mM Tris, pH 6.0, 100 mM NaCl, and 5 mM EDTA) to remove any excess protein bound to the upper leaflet. It has been previously shown that any annexin V molecules that are not fully inserted into the bilayer can be easily removed from the interface by exposing the system to 5 mM EDTA. 60, 61 We therefore exposed our system to these conditions to remove all partially bound annexin V molecules before performing FRAP experiments. In a final step, fresh Tris without CaCl 2 was flowed over the bilayer at pH 6.0, and FRAP experiments were performed. Under these conditions, the annexin V should be fully inserted into the membrane. [50] [51] [52] By contrast, working at somewhat higher pH does not lead to protein insertion. 62 Double-cushion systems were also tested by the direct fusion of proteoliposomes containing annexin V to BSA-coated supports. In this case, the vesicles were made from 20 mol % PS, 0.5 mol % PEG 5000, and 79.5 mol % POPC. To form the proteoliposomes, annexin V was mixed with the polymer-conjugated vesicles in a ratio of ∼1 protein molecule/400 lipids. After a 2 h incubation time, excess proteins were removed from the vesicle solutions by size exclusion chromatography with a BioGel P-30 column (Bio-Rad Laboratories, CA). The column was passiviated with a vesicle solution, which was also made from 20 mol % PS, 0.5 mol % PEG 5000, and 79.5 mol % POPC prior to purification to minimize the adsorption of proteoliposomes within the column.
Fluorescence Recovery after Photobleaching. FRAP 63,64 experiments were carried out with a 2.5 W mixed gas argon/krypton ion laser (Stabilite 2018, Spectra Physics). Samples were irradiated at 568.2 nm with 100 mW of power for 1 s. A 13 µm fwhm bleach spot was made by focusing the light onto the bilayer through a 10× objective. The fluorescence recovery was measured using MetaMorph Software (Universal Imaging). The fluorescence intensity of a bleached spot was determined as a function of time after background subtraction and intensity normalization. All fluorescence recovery curves were fit to a single exponential equation to estimate the mobile fraction of labeled lipids and proteins as well as the half-time of recovery, t 1/2 . The equation employed to calculate the lateral diffusion coefficient of dye-labeled lipids and proteins is: 63
where w is the fwhm of the Gaussian profile of the focused beam and γ D is a correction factor that depends on the bleach time and the geometry of the laser beam. 63 The value of γ D was 1.1.
Results
Protein-Supported Lipid Membranes. In the first set of experiments, BSA was coated onto clean glass coverslips from a Tris buffer solution at a concentration of 0.1 mg/mL. After rinsing, POPC vesicles were introduced above the protein film in Tris buffer at a concentration of 1 mg/mL. The vesicles contained 0.1 mol % Texas Red DHPE for visualization under an epifluorescence microscope. The inset images in Figure 2 show fluorescence micrographs of this bilayer immediately after photobleaching and again 300 s later. The FRAP curve denotes the fluorescence intensity in the bleached spot as a function of time. As can be seen, relatively complete recovery was observed with a diffusion coefficient of 4.0 ((0.3) × 10 -8 cm 2 /s. Moreover, the sample recovered roughly 97% of its initial fluorescence at t ) ∞.
These experiments were repeated for a total of seven different BSA concentrations ranging from 0.01 to 0.5 mg/mL. The diffusion coefficients for Texas Red DHPE in POPC membranes are plotted in Figure 3 . As can be seen, these values remained unchanged between 0.01 and 0.1 mg/mL BSA. Recovery was nearly complete in each case (0.97 ( 0.01). At 0.2 mg/mL, the diffusion slowed dramatically and the mobile fraction of Texas Red DHPE was 0.60. Long-range diffusion was completely arrested when the BSA concentration was 0.3 mg/mL or higher.
Analogous experiments were performed with membranes containing 79.9 mol % POPC, 20 mol % brain-PS, and 0.1 mol % Texas Red DHPE. In that case, however, the results were quite different. Indeed, no fluorescence recovery was observed when vesicles were introduced above BSA films formed from 0.1 mg/mL solutions. It has been reported in the literature that the addition of Ca 2+ to the buffer can sometimes aid bilayer formation when PS lipids are present. 65 We therefore repeated these experiments in the presence of 8 mM Ca 2+ under otherwise identical conditions. Again, the Texas Red DHPE probes were found to be completely immobile. A final control was performed in the presence of PS lipids without the BSA cushion. In this case, the supported bilayer formed by vesicle fusion was mobile with D ) 3.5 ((0.1) × 10 -8 cm 2 /s and a 0.90 mobile fraction.
Polymer-Supported Lipid Membranes without BSA. Polymer-supported lipid bilayers were prepared as previously reported. 53 The lipopolymer was added to POPC vesicles containing 20 mol % brain-PS and 0.1 mol % Texas Red DHPE. PEG-PE lipids with three different molecular weights and concentrations were employed: 7 mol % for PEG 550 -PE, 1.4 mol % for PEG 2000 -PE, and 0.5 mol % for PEG 5000 -PE, respectively. These particular values were chosen to correspond to the onset of the mushroom-to-brush transition as calculated by Marsh and co-workers. 66 All experiments were performed on clean glass coverslips without the introduction of BSA. Fluorescence imaging experiments confirmed that the supported membranes were homogeneous down to the diffraction limit. FRAP measurements were also made, and the values of the diffusion coefficient and mobile fraction are provided in Table 1 . As can been seen, these values are consistent with high-quality supported bilayers in each case. It should be noted that the PEG moiety is not chemically grafted to the surface and that the lipopolymer remains mobile on the surface under these conditions. 53 Finally, it should be pointed out that the experiments associated with Table 1 were performed in the absence of Ca 2+ . Control experiments were also done in the presence of 8 mM CaCl 2 , and these gave identical results to those shown in the to substrates coated with BSA. To construct these systems, 0.1 mg/mL BSA was introduced above planar glass substrates and allowed to incubate for 20 min. This concentration was chosen because it represents the highest protein concentration at which full mobility of the lipids was still observed in Figure  3 . After extensively rinsing away the protein solution with buffer, POPC vesicles with 20 mol % brain-PS, 0.1 mol % Texas Red DHPE, and 7 mol % PEG 550 -PE were fused to a protein-coated coverslip. The lateral diffusion coefficient of Texas Red DHPE was 3.2 ( (0.3) × 10 -8 cm 2 /s with a mobile fraction of 94%. This result is quite significant because it indicates that the presence of the PEG cushion mitigates the interactions between the BSA and the negatively charged brain-PS to a sufficient extent to allow long-range bilayer fluidity. Control experiments revealed that the addition of 8 mM CaCl 2 to the buffer did not influence either the diffusion coefficient or the mobile fraction. These experiments were repeated with PEG 2000 and PEG 5000 at their respective mushroom-to-brush concentrations, and the results are provided in Table 2 . As can be seen, both the diffusion coefficient and mobile fraction remained quite high for all PEG chain lengths employed.
Reconstitution and Lateral Diffusion of Annexin V.
In the next set of experiments, the lateral diffusion of annexin V was investigated in lipid bilayers containing 20 mol % PS, 79.9 mol % POPC, and 0.1 mol % Texas Red DHPE on bare glass substrates. After a bilayer was formed, 0.1 mg/mL phycoerythrin-labeled annexin V was introduced above the interface in Tris buffer with 8 mM CaCl 2 and incubated for 30 min. Unbound protein molecules were rinsed away with EDTA, and fresh buffer was added back to the system. Finally, diffusion coefficient and mobile fraction measurements of the biomacromolecules were made by FRAP (Table 3) . As can be seen, three-quarters of the protein molecules were immobile, and the diffusion coefficient of the protein was significantly slower than that for Texas Red DHPE.
Identical measurements were repeated in membranes containing PEG 2000 lipopolymer. The effect of polymer density on the lateral diffusion of phycoerythrin-labeled annexin V was quantified by varying the mol % of PEG 2000 -PE moieties within the membrane. The mole percentages of PEG 2000 -PE used in these experiments were 0.5, 1.4, and 5%. At low PEG density (0.5 mol % PEG 2000 -PE), the PEG moiety exists in a mushroom conformation. At higher polymer density (5 mol % PEG 2000 -PE), the PEG moiety should be well into the brush transition. The values for the diffusion coefficient and mobile fraction of annexin V as a function of lipopolymer density are provided in Table 3 . As can be seen, the highest diffusion coefficient and mobile fraction values were found at the onset of the mushroomto-brush transition. The decrease in mobility above and below this value can be explained as follows. An isolated mushroom conformation for PEG 2000 should not be able to prevent direct interactions between annexin V and the substrate at many locations on the surface. However, concentrations of PEG well into the brush transition are known to lead to lipopolymer immobilization, 53 which almost certainly affects the mobility of the membrane protein. An intermediate lipopolymer concentration avoids both of these problems.
To investigate the influence of the polymer chain length on the lateral diffusion of phycoerythrin-labeled annexin V, lipopolymers were incorporated into POPC bilayers at different molecular weights (PEG 550 , PEG 2000 , and PEG 5000 ) at the onset of the mushroom-to-brush transition. Increasing the length of the polymer chain increases the membrane-substrate distance. Figure 4. Employment of a double-cushion system for maintaining the 2D lateral mobility of annexin V. Phycoerythrin-labeled annexin V was added to the bilayer and incubated for 30 min. Excess protein was rinsed away with EDTA before FRAP measurements were made. The black lines in the inset images are scratches that were intentionally made with a pair of metal tweezers for estimating the background contribution to the measured fluorescence intensity. The bright white stripes adjacent to these lines represent immobilized protein molecules. The dashed red circles show the position of the bleach spot. These inset images, which are 300 µm × 300 µm, were captured immediately after photobleaching and again 1200 s later. The main curve corresponds to the fluorescence recovery of the spot with time. This should decrease the interactions between the inserted membrane protein and the underlying substrate. Indeed, higher diffusion coefficients were obtained for annexin V reconstituted into membranes with longer polymer chains (Table 4) . Nevertheless, a majority of the protein molecules were immobile in all cases. Next, the 2D fluidity of annexin V was measured in doublecushioned systems. BSA was incubated above the surface at a concentration of 0.1 mg/mL before rinsing and the introduction of the supported bilayer. Figure 4 shows fluorescence micrographs and the corresponding FRAP recovery curve for phycoerythrin-labeled annexin V reconstituted into the PEG-PE 5000 /BSA system. The fluorescence recovery of the photobleached spot was remarkably high (∼74%), and the diffusion coefficient value of the protein, 2.9 ( (0.4) × 10 -8 cm 2 /s, was nearly as high as that for the Texas Red-conjugated lipid probes. The mobile fraction was strongly dependent on the length of the polymer chain. Moreover, the diffusion coefficient also decreased with decreasing chain length. Both the diffusion coefficient and mobile fraction values obtained for annexin V are provided in Table 5 .
In a final set of experiments, we wished to test the generality of our platform for use with proteoliposomes. Therefore, vesicles containing annexin V were fused to BSA-coated substrates instead of introducing annexin V into the doublecushion system after its formation. The experiment was directly analogous to the one shown in Figure 4 . In other words, the annexin V-containing vesicles were made with 20 mol % PS, 0.5 mol % PEG 5000, and 79.5 mol % POPC. These proteoliposomes were fused to a BSA cushion in Tris buffer in the presence of 8 mM CaCl 2 . Next, unbound protein molecules were rinsed away with EDTA, and fresh buffer was added back to the system. This led to the formation of a uniform bilayer as judged by fluorescence microscopy. Figure 5 shows the recovery curve for phycoerythrinlabeled annexin V reconstituted into the 0.5 mol % PEG-PE 5000 / BSA system. Remarkably, the mobile fraction of proteins was ∼70% with a diffusion coefficient of 1.4 ((0.4) × 10 -8 cm 2 /s. This result is perhaps somewhat surprising because the orientation of the protein with respect to the underlying substrate after vesicle fusion is not completely controlled. Therefore, it is possible that annexin V is mobile within the double-cushion system for both possible vectorial orientations. Of course, it is also possible that one orientation dominates upon vesicle fusion. Future studies will be needed to distinguish between these two possibilities. Nevertheless, the double-cushion strategy may have potential utility for use with proteins that need to be transferred to the BSA-coated substrate surface via vesicle fusion.
Discussion
It has been reported that the spacer length and density play an important role in the structure and function of supported membranes.
30,67,68 Wagner et al. reported the formation of uniform, mobile bilayers on PEG-coated substrates made with silane-functionalized PEG 2000 tethers, 27 whereby the polymer concentration was maintained slightly below the mushroomto-brush transition. It was observed that a decrease in the mobile fraction of fluorescently labeled lipids was directly related to increasing the polymer density within the supported membrane. In 2004, Purrucker and Tanaka reported that spacer length and density influence the distribution and function of transmembrane proteins. 30 They observed a more homogeneous distribution of labeled integrin R IIb 3 when using longer polymer spacers. Such results suggest that the membrane-substrate distance is a very significant variable for successfully incorporating transmembrane proteins into supported bilayers. Finally, Kunding and Stamou reported that the membrane-substrate distance in the presence of a PEG cushion could be varied by modulating the ionic strength of the solution. 67 Herein, rapid diffusion of annexin V with a high protein mobile fraction was achieved with a double-cushion system. The key difference between this platform and previous designs is the fact that a sacrificial protein layer was present between the polymercushioned membrane and the underlying substrate. BSA monolayers have been previously shown to resist the adsorption of additional proteins on glass substrates 69 and are almost certainly providing a passivating layer in the present case. Strong evidence for this statement comes from Tables 4 and 5 . Indeed, threequarters of the annexin V molecules were immobile in the PEG 5000 -PE system in the absence of the BSA monolayer. Such a result is consistent with the notion that the transmembrane protein molecules diffuse laterally until they encounter a highenergy site on the glass substrate, which leads to immobilization. Once a majority of high-energy sites have been passivated, however, the rest of the annexin V molecules remain mobile over periods of time sufficiently long to perform fluorescence recovery experiments.
It should be noted that the mere presence of the BSA layer in double-cushion systems does not appear to be sufficient to produce a high fraction of mobile protein molecules. Indeed, reducing the thickness of the PEG layer also reduces the mobile protein fraction (Table 5 ). It is curious that the mobile fraction increases essentially monotonically with increasing PEG length at the onset of the mushroom-to-brush transition. This is consistent with the notion that a minimum offset distance is required for a high fraction of protein molecules to diffuse freely. Moreover, it is consistent with faster diffusion coefficients for the mobile fraction. This should be the case as a result of reduced drag of the membrane protein on the immobilized support surface.
Finally, it should be noted that the concentration of BSA incubated above the interface was key to forming high-quality supported bilayers (Figure 3 extensive spreading of these molecules under circumstances where the BSA concentration in the bulk solution is relatively low (Figure 6 ). 69 However, high bulk protein concentrations led to more rapid BSA adsorption and higher surface densities. Consequently, there was much less protein spreading. The adsorption and relaxation kinetics of BSA molecules at the solid-liquid interface should play an important role in their function as cushions. It is probably the case that rougher surfaces, created with higher BSA concentrations, are not as conducive to the fusion of phospholipid vesicles. Indeed, previous studies have shown that vesicle fusion relies on relatively low substrate roughness. 34, 70 
